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iews in Cardiovascular Medicine

New Insights Into Pollution and the
Cardiovascular System
2010 to 2012

Diane R. Gold, MD, MPH, DTM&H; Murray A. Mittleman, MD, DrPH

As cited in the recent 2010 American Heart Association
scientific statement, the World Health Organization esti-
mated that mass of fine particles <2.5 um in aerodynamic
diameter (PM, ;) contributed to =800 000 premature deaths
per year, ranking PM, ; as the 13th leading cause of world-
wide mortality.! After an extensive review of studies on the
cardiovascular effects of PM, ,, designed as a follow-up to a
2004 AHA scientific statement, the 2010 AHA report reached
several new conclusions:

* Exposure to elevated levels of PM, , over a few hours
to weeks can trigger cardiovascular disease--related
mortality and nonfatal events. The evidence is stron-
gest for ischemic heart disease (IHD) events, including
myocardial infarction and heart failure hospitalizations.

* Longer-term exposure (eg, a few years) increases the
risk for cardiovascular mortality to an even greater
extent than exposure over a few days and reduces life
expectancy in more highly exposed populations by
several months to a few years.

* Reductions in particulate matter (PM) levels are associ-
ated with decreases in cardiovascular mortality within a
time frame as short as a few years.

* Many credible pathological mechanisms have been elu-
cidated that support the biological plausibility of these
findings. These include systemic inflammation, systemic
oxidative stress, thrombosis and coagulation, systemic
and pulmonary arterial blood pressure responses, vascu-
lar (including endothelial) dysfunction, cardiac isch-
emia, and heart rate variability/autonomic dysfunction.

The 2010 AHA document and the subsequent review by
Sun et al® focused on the literature on the mechanisms for car-
diovascular effects of pollution and pointed out that there were
fewer human studies and less consistency in study results con-
cerning the following:

» Effects of fine particle mass on cerebrovascular and
cardiac arrhythmia outcomes.

e Cardiovascular effects of the coarse (PM
fine (<0.1 um) fractions of PM, .

10a.5) OF ultra-

» Cardiovascular effects of pollutants other than particle
matter. Specifically, the AHA summary stated, “Al-
though PM, ; mass has rightfully attracted attention
as a target for regulation and epidemiological study,
more than 98% of the air pollutant mass in the mixture
we breathe in urban settings is from gases or vapor-
phase compounds such as CO, volatile organic carbons
(OCs), NO,, NO [nitric oxide], O,, and SO,.”" More
studies were needed not only on cardiovascular effects
of individual gases and OCs but also on effects of
particle constituents, as well as pollution mixtures and
sources.

* Biological mechanisms for the effects of pollutants on
repolarization abnormalities or atherosclerosis. In addi-
tion, although not emphasized by the AHA statement,
there were also relatively few human studies providing
direct evidence for thrombogenicity of pollutants.

e Sources of susceptibility or vulnerability to pollut-
ant effects, including ambient temperature and other
meteorologic exposures.

Between 2006 and 2010, the US Environmental Protection
Agency (EPA) published Integrated Science Assessments
(www.epa.gov/ncea/isa/) summarizing the evidence for health
and environmental effects of the 6 criteria pollutants (ozone,
particulate mass, carbon monoxide, sulfur oxides, nitrogen
oxides, and lead) for which National Ambient Air Quality
Standards are set. In our review article, taking the EPA’s
Integrated Science Assessments and the 2010 AHA scientific
statement as our starting point, we provide a selective update
on new findings (2010-2012) in human epidemiological and
controlled human exposure research that add insight into
major areas of uncertainty defined by the AHA on the associa-
tions of individual pollutants with cardiovascular and cerebro-
vascular outcomes. We also extend the AHA 2010 review of
potential approaches to protection against the cardiovascular
effects of air pollution at the individual, community, and pub-
lic policy levels.

In our update on cardiovascular effects of gaseous pol-
lutants, we focus on ozone, on which the most controlled
human exposure and human epidemiological work has
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been done, to distinguish the specific effects of ozone from
effects of particle components and other gases. We review
new reports from controlled human exposure studies that
assessed the health effects of combinations of >1 pollutant
and observational epidemiological studies that put >1 pol-
lutant (particle mass and gases) into their predictive models.
However, the definition of clusters of particle constituents
and pollution mixtures and the ascertainment of their health
effects are beyond the scope of this review. These are cur-
rently being actively investigated, in part through currently
funded EPA Clean Air Act Centers (www.epa/oar/caa). We
also acknowledge that there is a large complementary grow-
ing literature that uses in vitro and animal models to evaluate
pollution effects; for the most part, that literature is beyond
the scope of our review.

Our review includes an update on sources of vulnerability
and susceptibility. According to the EPA (2009 Particle Matter
EPA Integrated Science Assessment, Chapter 8 [http://www.
epa.gov/ncealisal),

...the National Air Quality Standards are intended to
provide an adequate margin of safety for both general
populations and sensitive subgroups...to facilitate the
identification of populations at the greatest risk for PM-
related health effects, studies have evaluated factors that
contribute to the susceptibility and//or vulnerability of
an individual to PM. The definition for both of these
terms has been found to vary across studies, but in most
instances susceptibility refers to biological or intrinsic
factors (eg, lifestage, gender) while vulnerability refers
to nonbiological or extrinsic factors.

In this review, vulnerability refers to factors that increase
the potential for exposure, and susceptibility refers to
individual factors that increase risk at any given level of expo-
sure. Susceptibility implies a greater response at any given
level of exposure.

Our literature review is based primarily on 2010 to 2012
PubMed searches using combinations of the following key
words: pollution; cerebrovascular, arrhythmia; atherosclero-
sis; coarse particles; ultrafine particles; OC, ozone, nitrogen
dioxides, carbon monoxide, chronic effects; wild fires, bio-
mass; and temperature, susceptibility, vulnerability.

Update, 2010 to 2012: Cerebrovascular
Effects of Pollution
The retina affords a view into microvascular changes that
may be affected by pollution. After adjustment for multiple
potential confounders, the Multi-Ethnic Study of Atheroscle-
rosis (MESA) demonstrated an association between living in
a region with higher with increased PM, , and reduced reti-
nal vessel diameter.> Cerebrovascular imaging is needed to
evaluate the specific effects of pollution on macrovascular
and microvascular disease leading to ischemic stroke and
vascular dementia. Because of methodological or techno-
logical challenges, including the need for neuroimaging to
identify the presence of subclinical disease and the difficulty
of assessing the timing of stroke onset in studies based on
administrative data,* the relation of air pollution exposures
to the risk of acute or chronic cerebrovascular outcomes has
been less thoroughly examined than the relation of pollution
to other cardiovascular outcomes. Many studies have used
administrative data sets that are subject to misclassification
of specific outcome diagnosis and the timing of stroke onset*
and do not lend themselves to the evaluation of biological
mechanisms for the relation of pollution or pollutant compo-
nents to cerebrovascular outcomes. These studies have been
reviewed recently in a new report showing that the estimated
odds ratio of ischemic stroke onset was 1.34 (P<0.001) after
a 24-hour period classified as moderate (PM, ,, 15-10 ug/m?)
by the US EPA’s Air Quality Index compared with a 24-hour
period classified as good (PM,, <15-10 pg/m’; the Figure).’
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Figure. Odds ratio of ischemic stroke onset for US Environmental Protection Agency categories (good and moderate) of mean ambi-
ent fine particulate matter air pollution (PM, ) levels in the 24 hours preceding stroke onset. Error bars indicate 95% confidence interval.

Reproduced from Wellenius et al® with permission from the publisher.
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Update, 2010 to 2012: Cardiovascular Effects of Short-term and Long-term Exposures to 0zone, Other Gaseous Pollutants,

Population

Study Design/Statistical Methods

Exposures

Findings

64 Adults with type 2 diabetes mellitus or
glucose intolerance; 46 selected on basis
of genetics'®

23 Healthy adults'
70 Adults with type 2 diabetes mellitus'®

Population-based study of 5594 subjects
6-79 y of age in the Canadian Health
Measures Survey'

Population of Dijon, France
(=150 000), 2001-2007%

2 Municipalities in Po Valley, Italy?'

Population of Seoul, South Korea?

Population of Suzhou, China®
Population of Prague (~1 200 000)*
4 Cities in Pearl River Delta, China®
Lisbon, Portugal®

10 Italian cities; 276 205 deaths,

2001-2005%

Large urban populations from 4 Asian
countries (Bangkok, Thailand; Hong Kong;
Shanghai, China; Wuhan, China)?®

8960 High-risk infants, 1998-2002'2

~100 000 Participants, California
Teachers Study®

Metropolitan Vancouver; 5-y exposure
with 4-y follow-up*®

Residents of Shenyang, China®'
(1998-2009)

Cohort of 2360 pulmonary clinic patients,
Toronto, Canada, enrolled 1992—1999%

38 Adults with coronary artery disease®

Repeated measures;
363 ECG recordings

Controlled human
exposure;randomized
crossover

355 Repeated measures

Cross-sectional

Case-crossover

Time series: relative risk of

annual mortality estimated from

administrative data

Time stratified
case-crossover

Time series

Time series

Time series 2006—-2008
Time series 2004-2006
Time stratified
case-Ccrossover

Time series

Time series

Cox proportional
hazards model

Cox proportional
hazards model

Retrospective cohort study;
Cox proportional hazards
model

Poisson regression
estimating relative risk

Repeated measures

Short-term 0,, SO,, UFP

2-h of clean air or 0.3 ppm
0, while intermittently
exercising

Short-term O, PM,, SO,,
BC, OC, PNC

Short-term 0,, PM, ., NO,
Short-term O,; PM, , SO,,

Co, NO,

0,, NO, (1-h/8-h average);
PM,, (24-h average)

24-h average 0,, NO,,
PM,,, SO,, CO

10’

2-d average of maximum
8-h average 0,

Short-term O,, PM, |
Short-term 0,, NO,, PM, |
Short-term Q,, PM, .
Short-term 0,, NO,, PM, |

Short-term O, NO,,
S0, PM,,

Short-term 0,, NO,, CO,
S0, PM,, PM,, EC, OC

Long-term 03, PMm‘ PM, ,
NO,, NOx, CO, SO,

Annual average BC,

PM, ,,NO, NO, during 5-y
exposure period

Annual average PM,,
S0, NO,

Estimated residential
annual NO,,; regional
mean 0, and PM,

Short-term
size-fractionated
PM; OC, 0,, PNC,

NO,, NOX

Increase in heart rate and T-wave complexity with 1- to
4-hincreases in 0,, even with adjustment for particle
levels

Increase in interleukin-8; decrease in plasminogen
activator inhibitor-1;increase in QT interval; decrease in
high-frequency component of heart rate variability

Increase in BP with increased 5-d mean PM, , BC, OC;
lower BP with increased 5-d mean O,

Increased BP and heart rate; reduced lung function and
exercise tolerance with higher O, levels on day of survey;
BP also increased with higher NOZ, and PM, ;; no multiple
pollutant models

Increased ischemic cerebrovascular events and myocardial
infarction in vulnerable subpopulations with 1- to 3-d O,;
no other pollutant associations

Increased overall and cardiovascular mortality with
increased 0,, NO,, PM, ; no adjustment for potential
confounders or multiple-pollutant models

Increased cardiovascular mortality with increased NO,,
PM,,, SO,, CO, adjusted for weather parameters; no
multiple pollutant models; manual laborers at higher risk
than professionals

Increased cardiovascular mortality with increased O,;
associations stronger in cool weather

Increased respiratory, but not cardiovascular mortality with
increases in 1-d lagged O,; results not confounded by PM, |

Previous 2-d average 0, or NO, predicted increased
cardiovascular mortality; results not confounded by PM, |

Independent associations of short-term 0, and PM, , with
cardiovascular mortality; elderly more susceptible

Increased cardiac mortality with daily average
NO,,associations independently of 0,, PM,

With exception of NO, in Wuhan, associations of pollution
with cardiovascular mortality greatest in Bangkok

Increased bradycardia with increased 2-d averaged
maximum O, and NO,

PM, , strongly correlated with all pollutants other than

S0,; increased long-term PM, . and PM, | associated with
increased IHD mortality and incident stroke in single- and
multiple-pollutant models; NOx, NO,, O, predicted IHD
mortality only in single-pollutant models before adjustment
for PM

Increased coronary heart disease hospitalization with
increased BC after adjustment for SES variables, PM, .,
and NO,

Increased annual average PM,  or NO, associated with
increased cardiovascular and cerebrovascular mortality; no
multipollutant models presented

NO,, but not O,, or PM, . were associated with increased
risk of IHD

ST-segment depression with 1-h to 4-d averages

of “combustion-related aerosols and gases” but not
“secondary (photochemically aged)” organic aerosols or
ozone

BC indicates black carbon; BP, blood pressure; IHD, ischemic heart disease; NO, nitric oxide; NOX, nitrous oxide; OC, organic carbon; PM, particulate matter; PNC,
particle number concentration; and SES, socioeconomic status.
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The increased risk was greatest within 12 to 14 hours of
exposure.

Update, 2010 to 2012: Cardiac Arrhythmia,
Arrhythmia Precursors, and Pollution
Evidence continues to be mixed for associations
between pollution and documented cardiac arrhythmias
or electrophysiological changes such as repolarization
abnormalities that may increase the risk of arrhythmias. Even
more so than studies of stroke, ascertainment of the timing of
the onset of the outcome and the specific electrophysiological
nature of the outcome can be challenging to ascertain
without personal monitoring, which is absent in studies of
administrative data sets, which often report null findings.® In
their recent review, Link and Dockery’ concluded that “the
incremental risk of air pollution in triggering arrhythmias...
is greatest for patients with underlying cardiac disease.” A
London study examined associations of 11 pollutants with
activation of implanted cardioverter-defibrillators, finding
mostly weak associations with the elevation of a number of
secondary regional pollutants, the strongest of which was the
nontraffic particle component sulfate.® Increases in premature
ventricular counts, atrial fibrillation/flutter, and its precedent,
P-wave complexity, were associated with increased PM,
in the previous 1 to 2 hours in a Pennsylvania study of 105
middle-aged healthy nonsmokers with 24-hour ECG and
personal particle monitoring.*'® Ghio et al'' presented a case
report of new-onset atrial fibrillation that occurred 20 minutes
into a controlled exposure to concentrated ambient particles
and resolved within 2 hours with no sequella. In studies of
vulnerable populations who have personal electrophysiological
monitoring, ozone has also been considered a risk factor
for arrhythmias. An increase in the maximum ozone level
predicted increases in bradycardia and apnea in high-risk

infants on home monitors.'

Controlled human exposure to 1-hour exposures of diesel
exhaust did not influence heart rhythm or variability in a UK
study.”® Increased spatial dispersion of myocardial repolar-
ization, but not T-wave alternans, was seen after controlled
human exposures to concentrated ambient particles, ozone,
or a combination of the 2 exposures.'* Increases in long-term
estimated residential PM, , predicted increased odds of QT
prolongation without overt ventricular abnormalities in the
Multi-Ethnic Study of Atherosclerosis (MESA).!> Two recent
studies (the Table) also suggest acute effects of O, on repolar-
ization abnormalities in sensitive subjects.!®!”

Update, 2010 to 2012: Cardiovascular
Effects of the Coarse (PM, , ) or
Ultrafine (<0.1 pm) Fractions of PM,
Findings on cardiovascular health effects of coarse or ultrafine
particles remain relatively sparse. A recent study of patients
undergoing cardiac rehabilitation showed associations of
ambient ultrafine particles with subclinical ECG and blood
pressure outcomes, but in multiple-pollutant models, the ultra-
fine particle effects could not be separated from the effects
of larger particles.* Among Medicare enrollees from 59 US
counties between 1999 and 2005, Chang and colleagues™®
found a positive association between coarse PM and same-day

admissions for cardiovascular diseases. Chen and colleagues®
found associations for fine but not coarse PM with mortality in
the Chinese cities of Beijing, Shanghai, and Shenyang. Ongo-
ing EPA-supported controlled human exposures studies are
evaluating whether differing components of coarse particles
modify their cardiovascular effects.

Update, 2010 to 2012: Acute and Chronic
Cardiovascular Effects of Short- and
Long-term Exposures to Ozone, Other
Gaseous Pollutants, and OC
Until recently, evidence has been relatively scarce for inde-
pendent associations of cardiovascular disease and short- or
long-term exposures to gaseous pollutants such as ozone (O,),
oxides of nitrogen, and carbon monoxide (CO) except as
markers for pollution sources and mixtures that also include
particles. The possibility of teasing out the potential role of
individual gaseous pollutants is limited in epidemiological
studies that consider associations of cardiovascular risk with
1 pollutant at a time and do not consider those pollutants
together in 1 model. However, in these studies, correlation
among pollutants may limit inference on specific pollutant

effects.

Separating out the individual and joint contributions of O,
from particle mass of various sizes/compositions has been
accomplished most successfully through controlled human
and animal exposures (see below and the Table). Recent stud-
ies have begun to suggest that in addition to having adverse
respiratory effects,”” O, exposures may indeed have indepen-
dent adverse cardiac sequella (see below).

NO,, a secondary pollutant that often has regional and local
sources, is often used as a marker for estimated exposure to a
mix of pollutants, particularly from traffic. Independently of
particle mass, its cardiovascular effects are less well estab-
lished with certainty, although recent observational epide-
miological studies often find it to be a predictor of adverse
outcomes. CO is one of the most intriguing exposures. It has
known cardiotoxic effects at levels that significantly increase
carboxyhemoglobin levels, but at low doses, some investiga-
tors suggest that it may be cardioprotective against heart fail-
ure.® In their review of this topic, Constantin and colleagues®
point out that the induction of hemoxygenase-1, leading to
intrinsic CO, has been shown to be beneficial in vascular and
lung transplantation and pulmonary hypertension models, in
part through inhibition or modulation of inflammatory, apop-
totic, and proliferative processes. Although most epidemio-
logical studies link even low levels of CO to adverse effects,
in those studies, CO is likely to be a marker for traffic.

Epidemiological studies of cardiovascular effects of OC
continue to focus on measures of particulate OC without spe-
ciation, in great part because of its expense. Thus, data on the
effects of specific volatile organic compounds on health out-
comes are still lacking. Recent data support a specific role for
OC particle components or their biogenic sources (eg, traffic,
wood burning, restaurant emissions; the Table).

Short-term Exposures/Acute Effects
A recent controlled human exposure study has shown that O,
can cause an increase in vascular markers of inflammation
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and changes in markers of fibrinolysis and markers that affect
autonomic control of heart rate and repolarization.'” A Ger-
man repeated measures observational study found that heart
rate and repolarization changes were associated with increased
O, levels in subjects considered sensitive because of specific
genetic polymorphisms or chronic disease (type 2 diabetes
mellitus).’® The Canadian Health Measures Survey found
increased O, to be predictive of increased resting heart rate
and blood pressure and reduced exercise tolerance in adults."
These findings provide biological plausibility for the recent
epidemiology studies that associate short-term O, exposures
with cardiovascular morbidity and mortality.

A large number of publications on epidemiological studies
associating short-term increases in ambient gases with car-
diovascular outcomes have appeared during the last 2 years.
In studies not presenting models considering >1 pollutant at
a time, associations of short-term increases in ambient gases
and particles have been predictive of cardiovascular mortal-
ity or morbidity in the Po Valley of northern Italy (O,, NO,,
PMZS)21 and Seoul, South Korea (NO,, CO, SO,, PM, ; weaker
associations with O,).”> When a maximum 8-hour average was
used, an interquartile range increase of 2-day average O, pre-
dicted an increased risk of cardiovascular mortality of 4.5%
(95% confidence interval, 1.4--7.5) that was more evident in
the cool than in the warm season in Suzhou, China.”® After
adjustment for PM, short-term elevations in O3 or NO, were
associated with increased cardiovascular mortality or mor-
bidity in studies from Prague (O,),”* the Pearl River Delta of
southern China (O,, NO,), * and Lisbon, Portugal (0,)*; a
study of 10 Italian cities (NO,)”’; and the Public Health and Air
Pollution in Asia Study, which evaluated health effects across
large urban populations in 4 Asian countries (O,, NO,).*

Short-term exposures to particle pollution (including black
carbon and OC) were associated with increases in blood pres-
sure, whereas increases in O, were linked to blood pressure
decreases in a repeated measures study of patients with type
2 diabetes mellitus.'® In elderly subjects with coronary artery
disease from the Los Angeles, CA, basin, exposure to primary
components of fossil fuel combustion (eg, OC) was associated
with ST-segment depression® and with elevated ambulatory
blood pressure.* Associations of OC with higher blood pres-
sure were of greatest magnitude among obese participants.

Long-term Exposures/Chronic Effects

Several recent large longitudinal cohort studies support the
2010 AHA conclusion that long-term particle mass exposures
of traffic and nontraffic origin increase the risk of cardiovas-
cular disease. Despite longitudinal decreases in PM, , levels,
in the Harvard Six Cities Study, investigators found a linear
dose-response association of mortality with annual average
PM, , down to concentrations of 8 pug/m’. Exposures to PM
constituents or other ambient pollutants were not considered.*!
Long-term exposures to estimated residential PM, ; predicted
increased blood pressure in a study in Germany.*?

Recent studies also support the hypothesis that in real-
world ambient pollution mixtures, both gases and par-
ticles contribute to long-term adverse cardiac effects. In the
California Teachers Study, long-term exposure to PM,  was

10
associated with elevated risks for IHD and incident stroke;

exposure to nitrogen oxides was associated with elevated risk
of IHD.? In a metropolitan Vancouver population of 45- to
85-year-old adults followed up for 5 years, increased long-
term exposures to black carbon, a marker for traffic, predicted
increased cardiovascular hospitalization after PM, . and NO,
were controlled for.’® A study of long-haul truck drivers found
that long-term exposures to elevated levels of ambient NO,
predicted increased cardiovascular mortality, but associations
were attenuated and not significant (P<0.05) in multipollut-
ant models including PM, ., SO,, and NO,.** In a US study of
17 545 male health professionals, investigators found no asso-
ciations of long-term PM exposures with cardiovascular mor-
tality and hypothesized that this population may have been
protected by healthier lifestyles and higher socioeconomic
status.* In a study conducted in Shenyang, China, evaluat-
ing 12 years of data, long-term exposures to both PM, and
NO, predicted increased cardiovascular and cerebrovascular
mortality.*! In a Toronto study, after adjustment for multiple
covariates, elevation of estimated long-term NO, exposures
was significantly associated with increased IHD risk (relative
risk, 1.33; 95% confidence interval, 1.2--1.47). Subjects living
near major roads and highways had a trend toward an elevated
risk of IHD (relative risk, 1.08; 95% confidence interval, 0.99-
-1.18). Regional PM, ; and O, were not associated with risk
of [HD.*

An Increasing Source of Ambient Particles?
Wildfire, Outdoor Biomass Burning, and
Cardiovascular Outcomes

In the past decade, we have had bursts of large wildfires in
the United States and worldwide, with short-term increases in
ambient particle mass levels that can exceed those produced
by traffic industrial sources in the United States and can be
transported worldwide.* Some scientists project that future
climate and its changes will play a significant role in driv-
ing global fire trends. Bush fires in Australia* and forest fires
(independently of urban pollution) in Athens*’ have been asso-
ciated with increased cardiovascular and respiratory mortality.
In Brazil, burning of outdoor biomass (sugar cane) was asso-
ciated with an increase in hospital admissions for hyperten-
sion.*® The investigators suggested that these findings might
have relevance for cardiovascular responses to the burning of
sugar cane--derived ethanol, a primary source of automobile
fuel in Brazil.

Update, 2010 to 2012: Biological Mechanisms
for the Effects of Pollutant Exposures on
Atherosclerosis or Thrombus Formation

In nonsmoking Belgian adults with diabetes mellitus, each
doubling of home distance from major roads was associated
with a decrease in oxidized low-density lipoprotein, a risk
factor for atherosclerosis.* Coronary artery calcification and
carotid intima-media thickness are 2 measures of subclinical
atherosclerosis that have been considered in recent studies of
long-term cardiovascular effects.” In a follow-up to the first
cross-sectional study demonstrating an association of higher
estimated levels of increased carotid intima-media thickness
with increased long-term exposure to PM, .,*"** a population-
based German study of >4000 adults found an association of
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increased carotid intima-media thickness and increased blood
pressure with increased exposures to estimated long-term
PM, . and distance to high traffic.*** A Danish study showed
that living in city centers was associated with increased coro-
nary artery calcification, but whether this association is due to
increased pollution exposure is not known.>* Studies support-
ing a role for particles in increasing the risk of thrombus for-
mation have recently been reviewed. In healthy volunteers,
particle traps were shown to reduce thrombogenicity of diesel
exhaust.*

Update, 2010 to 2012: Susceptibility
and Vulnerability

The literature on susceptibility or vulnerability to particu-
late pollution has been summarized recently.”” Sources of
susceptibility considered in our review include genetics, life
stage or age, sex, preexisting chronic conditions (diabetes
mellitus, obesity, cardiovascular disease, chronic obstructive
pulmonary disease), adverse weather conditions, and acute
infections (eg, influenza).®’ As stated by the EPA (2009 Par-
ticle Matter EPA Integrated Science Assessment, Chapter 8
[http://www.epa.gov/nceal/isa]), lower socioeconomic posi-
tion can be viewed both as a source of vulnerability (with
increased absolute exposure to higher levels of pollution) and
as a source of susceptibility (with increased disease at a given
exposure because of susceptibility cofactors such as stress or
lack of access to health care).

Genetics
Evaluation of genetic susceptibility to air pollution has been
used as a tool for exploring mechanisms and pathways for car-
diovascular effects and may contribute to understanding the
distribution of risk. In a recent systematic review, Zanobetti
and colleagues® found 16 articles evaluating gene--air pollu-
tion interaction and cardiovascular disease. These articles were
based on 3 study populations: the Normative Aging Study
(NAS),% the Air Pollution and Inflammatory Response in
Myocardial Infarction Survivors: Gene-Environment Inter-
action in a High Risk Group (AIRGENE),”®”” and MESA.”
These studies have focused on individual functional polymor-
phisms or candidate genes in pathways related to oxidative
stress, inflammation, endothelial function, and the angioten-
sin pathway. Although all 3 studies point to the importance of
these pathways, the studies have differed substantially in both
the cardiovascular outcomes and polymorphisms examined,
with little work on replication of individual study findings.
Except for blood pressure, most of the outcomes evaluated
in these studies are subclinical (eg, heart rate variability,
inflammatory biomarkers) and usually, although not always,
are considered in relation to relatively short-term exposures.
Although they inform our understanding of pathways through
which pollution perturbs the system, investigators have yet to
assess the relevance of these findings for the definition of sus-
ceptibility to pollution effects on the development of athero-
sclerosis and clinical cardiovascular morbidity and mortality.
Studies of cardiovascular effects of pollution in the apolipo-
protein E knockout murine model (characterized by oxidative
stress and vulnerability to atherosclerosis) support the role of
oxidative stress genes in increasing susceptibility to chronic

cardiovascular effects of pollution.”” The importance of
oxidative stress genetic polymorphisms is also supported by
consistent findings in the adult and pediatric respiratory lit-
erature that highly prevalent polymorphisms in glutathione
S-transferases may increase pollution- or smoking-related
risk of reduced lung function and increased wheeze and
pulmonary inflammation.®**> To the extent that pulmonary
oxidative stress and inflammation increase systemic inflam-
mation and cardiovascular risk, these findings have relevance
for cardiovascular susceptibility to pollution. As Zanobetti
and colleagues® point out, although replication is needed to
draw stronger conclusions, a critical issue is whether between-
study replication should be done by single-nucleotide poly-
morphism or by pathway. Although new pathways related to
genetic sources of cardiovascular susceptibility to pollution
may come from genome-wide association studies, they will
require cooperation and pooling across studies, which is cur-
rently being fostered by the European Union in the European
Study of Cohorts for Air Pollution Effects (ESCAPE). Using
their genome-wide association study data, the Framingham
Heart Study has recently created a Genetic Risk Score com-
prising 13 single-nucleotide polymorphisms associated with
coronary disease that provides modest risk reclassification for
risk of incident cardiovascular disease (defined as general car-
diovascular disease [cardiovascular death, myocardial infarc-
tion, coronary insufficiency, angina pectoris, stroke, transient
ischemic attack, intermittent claudication, or congestive heart
failure] or “hard cardiovascular disease” [coronary death
or myocardial infarction]) and improves discrimination for
high coronary artery calcium.”® Genetic risk scores known to
predict cardiovascular risk can also be applied to the evalua-
tion of cardiovascular susceptibility to pollution. Epigenetic
changes”*% and atherosclerosis are less well-understood
mechanisms that are being evaluated as mediators of chronic
effects of long-term pollution exposures on clinical cardiovas-
cular outcomes.

Life Stage

Older age is a strong risk factor for cardiovascular disease,
and risk factors for coronary artery disease vary by age,”” but
the literature is not consistent in finding that age >65 or 75
years increases susceptibility to the effects of pollution on
clinical cardiovascular events.

Sex

Women have a lower lifetime risk of cardiovascular disease
than men.”” The literature on sex as a source of vulnerability to
pollution cardiovascular effects is sparse with conflicting find-
ings. While some studies suggest that associations of PM,
or PM, . . with cardiovascular-related mortality are higher for
women than for men,’”% other studies suggest no sex differ-
ences or (for PM, ), increased vulnerability in men. Many of
the administrative studies suffer from a lack of access to data
on other risk factors that may be confounders or to data for
women on menopausal status, which may modify risk.

Race/Ethnicity
Differences in risk factor burden (cholesterol level, blood pres-
sure, smoking status, and diabetes status) resulted in marked
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differences in lifetime risk of cardiovascular disease that were
consistent across race (black versus white) and birth cohorts in
a recent meta-analysis at the individual level using data from
18 cohort studies involving 257 384 men and women.”” Stud-
ies on race/ethnicity as a source of susceptibility to pollution
are inconsistent in their findings, and many are flawed in the
level of information available about risk factor burden, which
may account for heterogeneity of findings on susceptibility.
In addition, the terms “Hispanic” and “Latino” represent a
large population that is highly variable in terms of diet, coun-
try of origin, genetic background, sources of stress, and many
other underlying factors that may themselves be sources of
susceptibility.!®

Socioeconomic Position

Methods for defining sources of susceptibility to environmen-
tal risk in populations in positions of economic or social ineq-
uity were recently discussed thoroughly in a series of 3 articles
published in the American Journal of Public Health.**° Envi-
ronmental justice is a goal in regulating pollution. Environ-
mental justice is defined by the US EPA (http://www.epa.gov/
oecaerth/environmentaljustice/index.html) as follows:

The fair treatment and meaningful involvement of all
people regardless of race, color, national origin or in-
come with respect to the development, implementation
and enforcement of environmental laws, regulations
and policies. Fair treatment means that no group of
people, including racial, ethnic or socioeconomic group
should bear a disproportionate share of the negative
environmental consequences resulting from industrial,
municipal, and commercial operations or the execution
of federal, state, local and tribal programs and policies.

Clinical cardiovascular risk can aggregate in poor neighbor-
hoods because of multiple interacting sources of vulnerability
or susceptibility that are related to socioeconomic disadvan-
tage (eg, increased absolute levels of air pollutants, stress,
interacting toxicants, obesity, diabetes mellitus, smoking,
hypertension, differences in nutrition, lack of safe places to
exercise, and many other environmental coexposures).

Preexisting Chronic Conditions: Diabetes Mellitus
and Obesity

The obesity epidemic and associated cultural changes in activ-
ity and diet have led to an increase in type 2 diabetes mellitus,
which many (but not all) studies suggest increases suscep-
tibility to adverse cardiovascular effects of temperature'®!
and pollution.'” Many studies have suggested that people
with type 2 diabetes mellitus may be more vulnerable to the
acute effects of particles on blood pressure and other vascular
responses.'®1% As discussed in our 2008 review,'* diabetes-
associated chronic inflammation and oxidative stress may
quench nitric oxide, create imbalances in vasoactive media-
tors in arterial tissue, change smooth muscle responsiveness
as a result of chronic autonomic dysfunction, or impair flow-
mediated dilation as a result of vascular remodeling. Animal
models support obesity and diabetes mellitus as sources of
vulnerability to cardiovascular effects of particle mass: Expo-
sure to PM, , increased the risk of insulin resistance in rats

fed a high-fat diet but not in those fed a normal-chow diet.!™
Data on obesity without diabetes mellitus as a source of pollu-
tion susceptibility are less consistent.’” In the Women’s Health
Initiative, the association between cardiovascular events and
the level of PM, , increased with higher body mass index and
waist-to-hip ratio, but other studies have not found effect mod-
ification by obesity without diabetes mellitus.'®

Preexisting Chronic Conditions: Chronic
Obstructive Pulmonary Disease

Perhaps because of the heterogeneity of the disease and
because of the high rate of misclassification of chronic
obstructive pulmonary disease when administrative data are
used, studies are not consistent in finding chronic obstructive
pulmonary disease as a source of susceptibility to cardiovas-
cular effects of pollution.!%!” As chronic obstructive pulmo-
nary disease is classified more carefully and specifically, there
will be better opportunity to evaluate the susceptibility of
people with chronic obstructive pulmonary disease.

Temperature, Pollution, and Cardiovascular Risk
Meteorological conditions influence the production of second-
ary pollutants such as ozone and nitrogen dioxide and dictate
the long-range transportation of pollutants (www.epa/oar/caa).
In the past, studies of the cardiovascular effects of pollution
have been reported separately from studies of cardiovascular
effects of weather (eg, temperature, humidity), even though
they are often intertwined. Hot and cold temperature extremes
have been linked to acute cardiovascular events,'® and accumu-
lating evidence suggests dose-response relationships that may
not relate just to the extremes and may relate in part to transi-
tions/variability in temperature and socioeconomic or physio-
logical issues related to adaptation.!” For example, heat waves
have been demonstrated to increase cardiovascular mortality,'°
especially in the populations unable to adapt physiologically
(the elderly) or to acquire air conditioning or protective hous-
ing !°L11-114 Uging a case-crossover study design, California
researchers observed an increased risk of hospitalization for
IHD, ischemic stroke, and heat stroke with a 10°F increase in
same-day apparent temperature.''> Ownership and use of air
conditioners significantly reduced the effects of temperature on
these outcomes after controlling for potential confounding by
family income and other socioeconomic factors.

Low temperature was linked to incident acute myocardial
infarction in a large German study.'® The first annual extreme
cold event was associated with increased emergency room
visits for circulatory diseases in a Taiwan study.'® In a recent
Dutch study, lower temperature was a predictor of higher inci-
dence of acute myocardial infarction and acute presentation
for abdominal aortic aneurysms.'"’

A limited number of studies have looked simultaneously
at ambient temperature, pollution, and their interaction in
increasing the risk of adverse cardiovascular outcomes. A
repeated measures study of adults with type 2 diabetes melli-
tus conducted in Boston demonstrated opposing effects of fine
particle mass compared with the effects of high temperature or
ozone.'s Whereas increases in PM, | were associated with ele-
vated systolic and diastolic blood pressures, higher tempera-
ture and higher ozone levels were linked to a reduction in blood
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pressure, particularly in those whose mean blood pressure was
already within normal limits. Heart rate variability was most
reduced when both temperature and ozone were high in the
Boston Normative Aging Study.'"® In Wuhan, China, where the
average daily temperature in July is 37.2°C and the maximum
daily temperature often exceeds 40°C, investigators found that
increases in PM,  increased the risk of mortality resulting from
cardiovascular disease and stroke and that increased tempera-
ture increased susceptibility to particle-related mortality.!* In
this study, elevated levels of NO, and SO, (but not ozone) were
also associated with increased mortality.

Infection

Low temperature is linked to low humidity in some urban
environments, and low humidity has been linked to increases
in influenza.' In a recent time-series study of daily mortal-
ity and hospital admissions in Hong Kong, interactions were
found between influenza activity (measured by viral surveil-
lance) and air pollution in the estimated risks for respiratory
disease, particularly for ozone.*® A recent Lancet review dem-
onstrated the role of influenza not only as a cause of myocar-
ditis but also as a trigger for acute myocardial infarction or
death resulting from cardiovascular disease.'?! It remains to be
seen whether influenza-associated cardiovascular outcomes
are modified by pollution levels or by changes in temperature,
humidity, or other weather-related exposures.

Protection Against Cardiovascular

Effects of Pollution
The incremental risk of cardiovascular disease to any indi-
vidual associated with air pollution exposure may appear
low. However, because large populations are simultaneously
exposed, the absolute impact in terms of the number of excess
cardiovascular events and years of healthy life lost at the pop-
ulation level is very large,'**'? increasing its importance as a
public health problem.

Reduction of pollution exposure and the adverse cardiovas-
cular effects of pollution is likely to come from a series of
personal and community actions and from public policy mea-
sures.'?* Investigators should take advantage of large cardio-
vascular clinical trials to assess whether factors that improve
the risk of cardiovascular disease also reduce pollution effects
on cardiovascular risk. Specifically, reduction of the cardio-
vascular effects of pollution may come from cessation of
smoking, control of blood pressure, and control and reduction
of the risk of obesity and diabetes mellitus. Lowering lipids
and reducing stress may also reduce pollution-associated risk.

Because of confounding by indication in observational
studies, it is often difficult to evaluate whether medications
used to lower lipids or to control blood pressure alter the
adverse effects of air pollution effects, but some study designs
(eg, randomized trials and controlled human exposure studies)
may give insight into whether specific foods, micronutrients,
vitamin D, omega-3 fatty acids, or methyl donors are protec-
tive against cardiovascular effects of pollution in vulnerable
populations. If pollution interacts with influenza to increase
cardiovascular death during influenza season, then vaccina-
tion against influenza (which is recommended in any case)
may further reduce adverse pollution effects.

Definitive evidence is currently lacking on whether specific
lifestyle or pharmacological interventions lower the relative
risk associated with air pollution exposure. In most studies,
the relative risk of cardiovascular disease associated with air
pollution exposure appears constant regardless of the presence
of underlying risk factors for cardiovascular disease, with the
few exceptions reviewed above. There is ample evidence that
primary and secondary prevention measures such as control of
blood pressure and lipids, smoking cessation, habitual physical
activity, and dietary patterns such as the Dietary Approaches
to Stop Hypertension diet reduce the baseline risk of cardio-
vascular disease. Thus, it follows that evidence-based preven-
tion strategies should lower the absolute risk of cardiovascular
disease associated with air pollution. This implies that with
effective primary and secondary prevention measures, there
will be a smaller number of excess cases of cardiovascular
disease resulting from exposure to air pollution. An important
consideration is that focusing on individual-level behaviors
as a primary driver of risk mitigation raises issues of envi-
ronmental justice; not all populations are equally or equita-
bly exposed to air pollution or have access to the resources
to engage in the primary and secondary prevention measures
known to be effective.'*

Community and individual adaptive behaviors (eg, stay-
ing indoors during declared pollution episodes or heat waves,
using air conditioning, and closing windows and doors) may
be helpful but come at a price (increased energy consump-
tion), may not be within economic reach of the poorest or
most vulnerable populations, and may not be under the control
of elderly people with dementia or with diminished perception
of changes in temperature.

In this follow-up to the 2010 AHA Scientific Statement,' we
have presented an update on studies of the effects of pollution
and climate on cardiovascular outcomes. Study results on the
health effects and costs of air pollution and extreme meteoro-
logical conditions should be disseminated not only to the scien-
tific and regulatory communities but also to the general public
and their administrative servants in language that is clear and
objective. Such efforts will contribute to the setting and imple-
mentation of air quality standards designed to protect not only
the general public but also its most vulnerable citizens.
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